One of the most profound and poorly understood processes in cell biology is compartmentalization: how the detailed atomic structures of proteins, lipids, carbohydrates, metabolites, and nucleic acids orchestrate the assembly of discrete organelles and cellular substructures. Compartmentalization demands the separation of immiscible phases into distinct domains. Understanding the forces and rules that govern biopolymer segregation will enrich our understanding of the chemistry that guides membrane and organelle biogenesis, and provide guiding principles for the burgeoning field of synthetic biology. Herein we take the fundamental first steps toward a -peptide bundle that can be compartmentalized within a membrane environment.
We reported that certain -peptides self-assemble into cooperatively folded bundles whose kinetic and thermodynamic metrics mirror those of natural R-helix bundle proteins. [1] [2] [3] [4] The structures of four such bundles are known in atomic detail.
1,2 These structures reveal a solvent-sequestered, hydrophobic core stabilized by a unique arrangement of leucine side chains and backbone methylene groups. Here we report that this core can be re-engineered to contain a fluorous subdomain while maintaining the characteristic -peptide bundle fold. Like R-helical bundles possessing fluorous cores, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] fluorous -peptide bundles are stabilized relative to hydrocarbon analogues and undergo cold denaturation. -Peptide bundles with fluorous cores represent the essential first step in the synthesis of orthogonal protein assemblies that can sequester selectively in an interstitial membrane environment. Figure S1A ). In retrospect, the absence of bundle formation by Zwit-(5,8,11)L* was not surprising, as a single -CF 3 substituent possesses a van der Waals surface that is 2 to 3 times larger than that of a -CH 3 group, [16] [17] [18] and the octameric Zwit-(5,8,11)L* bundle would contain 48 such substitutions.
Next, we interrogated the Zwit-1F structure 1 to identify a subset of leucine side chains that would best establish a fluorous subcore. Using Spartan, 19 we individually substituted each Zwit-2 L* and Zwit-8 L* were characterized first using CD to determine if they exhibited the concentration-dependent change in 3 14 -helical structure that characterizes all -peptide bundles. [1] [2] [3] [4] Both do: In the case of Zwit-2 L* the molar residue ellipticity at 214 nm (MRE 214 ) decreases to a minimum of -25 000 deg · cm 2 · dmol -1 between 2 and 48 µM ( Figure S1B ), whereas in the case of Zwit-8 L* the minimum decreases to -20 000 deg · cm 2 · dmol -1 between 1.5 and 76 µM (Figure 2A) . Analysis of plots of MRE min as a function of [ -peptide] suggests that only Zwit-8 L* formed an octamer, with ln K a ) 83.9 ( 0.6 ( Figure 2B ), whereas Zwit-2 L* formed a tetramer, with ln K a ) 34.5 ( 0.12 ( Figure S1C ). The stability of the Zwit-2 L* tetramer is comparable to that of the tetrameric Zwit-VY bundle reported by Goodman et al. 4 Next we performed equilibrium sedimentation experiments to confirm the association states of Zwit-2 L* and Zwit-8 L* in solution and provide an independent measure of ln K a . Sedimentation was monitored at four speeds (36, 42, 50, and 60 kRPM) at 75, 100, and 150 µM for Zwit-8 L* and 5, 25, and 50 µM for Zwit-2 L*. For Zwit-8 L* the AU data fit best to a monomer-n-mer equilibrium where n ) 7.8 (n was allowed to vary) with an rmsd of 0.00697 ( Figure 2C ). Significantly poorer fits were observed when n was set to equal 6, 7, or 10, respectively, whereas comparable fits were found when n was set to equal 8 (rmsd ) 0.00698). The ln K a values calculated from the fits where n ) 7.86 and n ) 8 (81.1 ( 0.5 and 82.0 ( 0.2) agree well with the ln K a value calculated from the CD data (83.9 ( 0.6), providing additional support for equilibration between monomeric and octameric Zwit-8 L*. For Zwit-2 L*, the AU data fit best to a monomer-tetramer equilibrium, as predicted by the CD data, with excellent agreement between the ln K a values calculated from AU (34.1 ( 0.1) and CD (34.5 ( 0.12).
We also measured the temperature dependence of the 14-helix dependent CD signal for Zwit-8 L* and found it to undergo a cooperative melting transition ( Figure 2D) . At 50 µM, the T m of † Departments of Chemistry, Yale University. the Zwit-8 L* bundle is 82°C, on par with that of the parental Zwit-YK (85°C) and much higher than those of Zwit-1F (57°C) and Zwit-2 L* (52°C). Examination of the Zwit-8 L* melting data shows clear evidence for cold denaturation at concentrations where the octamer predominates (87.8% and 91.4% octamer at 50 and 75 µM, respectively). Cold denaturation results when the Gibbs free energy of hydrating nonpolar side chains overcomes the Gibbs free energy of folding. 21, 22 Fluorocarbons are more hydrophobic than hydrocarbons, 5, 16, 23 and thus proteins containing fluorous cores undergo cold denaturation at higher temperatures than those containing hydrocarbon cores. 24 The observation of a cold denaturation transition is fully consistent with the presence of a discrete fluorous subcore in the Zwit-8 L* bundle.
A widely accepted diagnostic for a well-packed protein core is the inability to bind and increase the fluorescence of hydrophobic dyes such as 1-anilino-8-naphthalenesulfonate (ANS). 25 Well-folded proteins, including previous -peptide bundles, 2,4 increase ANS fluorescence only minimally (<10-fold). [26] [27] [28] Molten globules, by contrast, increase ANS fluorescence significantly (changes >100-fold). 26 The relative fluorescence of ANS increased from a value of 1 at 1.56 µM Zwit-8 L* (3% octamer) to a value of 15 at 200 µM Zwit-8 L*, (98% octamer) ( Figure S2 ). This increase is small relative to molten globules, although compared to the nonfluorinated -bundles, it seems to suggest that the core of Zwit-8 L* may be slightly more exposed. As the CD and AU data suggest that Zwit-8 L* forms a well-folded octamer, we interpret this observation as further support for a distinct fluorous subcore; the increased hydrophobicity and decreased polarizability of the fluorous core should induce greater dye emission due to even more unfavorable solvent relaxation pathways. 29 Finally, to validate formation of a central fluorous core in the Zwit-8 L* bundle, we solved the structure to 2.75 Å. As expected, the electron density for the 3 -homoleucine residues at positions 2, 5, and 11 closely outlines the leucine side chains with minimal unfilled density (Figure 3 ). Not surprisingly, the electron density at the location of the 3 -hexafluoroleucine residue is larger than an unmodified leucine side chain. Furthermore, the electron density at 8 L* is continuous with the electron density from 8 L* in a neighboring peptide. Our previously solved structures 1,2 do not show extended density or continuous electron density with neighboring leucine side chains. We attribute the unique features of the 8 L* electron density in Zwit-8 L* to the in-register alignment of the fluorinated residues and the formation of a protected discrete fluorous subcore, analogous to the ones previously reported in fluorinated coiled coils. 5, 6, 8, 10, 11 
